"The precondition that is often forgotten in the excitement that comes with change is certainty that the new technology will improve the quality of clinical care for patients. If this precondition is not satisfied, the technology should be abandoned."
unsuccessful neurosurgical techniques as cautionary tales of irrational exuberance that can surround the proliferation of new ideas.
Wilson outlines several factors that lead to rapid adoption of new technology: 1) The procedure is compatible with current practice and can be adequately supported in available facilities. 2) Surgeons can observe the procedure being done.
3) The procedure can be offered to patients for a trial period before it is fully adopted. 4) The procedure is a simple modification of an existing procedure or can be easily learned by attending surgeons. 5) The volume of cases presenting to the hospital and the expected demand from patients justify surgeons learning the procedure. 6) The procedure will appeal to patients.
Wilson provides historical examples such as chymopapain for lumbar disc herniation and superficial temporalmiddle temporal artery bypass as examples of treatments quickly adopted and then eventually largely abandoned for the lack of efficacy, in contrast to endovascular therapy for vascular lesions, a treatment that prevailed over the course of time. He then questions the utility of the nearly universal implementation of spinal instrumentation as a strategy that may require more study. However, Wilson ultimately concludes that, despite barriers to adoption, a technology will and should be adopted throughout the field as long as it has been shown to be in the patients' best interest when rigorously compared to existing technology.
Endoscopic skull base surgery (ESBS) has rapidly proliferated throughout the field of neurosurgery. Like other technologies, it has been widely adopted in some countries and institutions and yet has met barriers and skepticism in other locations. The ease of adoption, myriad courses and training opportunities, and appeal to patients as a "minimally invasive approach" assisted its rapid expansion. However, the lack of randomized clinical trials supporting its use raises concerns regarding its true efficacy compared to more traditional approaches. Moreover, as with many other neurosurgical approaches and technologies, ESBS may be preferable to traditional approaches in some circumstances while remaining substandard in others.
The purpose of this article is to provide an overview of the state of ESBS during its evolution. The key organizing principle is that the learning curve during implementation suggests that conclusions cannot be drawn too early in the development of a new technology. Moreover, not all pathologies and locations benefit from ESBS and when that is the case, areas where the results do not appear to be in the patients' best interest may need to be abandoned. We provide an overview of the literature during two different time periods-namely from 2008 to 2012 and from 2012 to 2017-and compare the results based on specific disease processes (P. F. Morgenstern, unpublished data, 2018). Our goal is not only to establish how the field has progressed during its adolescence but also to critically evaluate the published results as they compare with open transcranial surgery (TCS), to determine in what areas ESBS provides an advantage and in what areas the results are less promising. Common themes are the importance of case selection and surgeon experience for ensuring optimal outcome.
Craniopharyngioma
Craniopharyngiomas are benign tumors originating from the craniopharyngeal duct that present surgical challenges due to their proximity to the hypothalamus, circle of Willis, optic apparatus, and the pituitary gland and stalk. The hypothalamus and stalk are often challenging dissection planes, and attempts to preserve these structures are important in mitigating risk associated with resection. Craniopharyngiomas tend to push the surrounding neurovasculature upward and outward from a central location. Open skull base approaches have traditionally been limited by the need for significant brain retraction and for working through small surgical windows around major vasculature. Whereas gross-total resection (GTR) provides the patient with the highest rate of progressionfree survival (PFS), intentional subtotal resection performed to preserve hypothalamic and/or pituitary function by both ESBS and TCS has become more common, particularly in the pediatric population. 14 ESBS, however, has been shown to achieve higher rates of hypothalamic preservation regardless of the degree of involvement by tumor. 78, 88 While TCSs for craniopharyngioma resection have been applied for many years, there are ongoing efforts to evaluate and improve these approaches to reduce the rates of significant morbidity. Minimally invasive modifications such as the supraorbital keyhole approach, with or without endoscopic assistance, have been used for lesions extending into the third ventricle and with significant retrochiasmatic components. 79 However, the supraorbital approach is limited in its ability to visualize under the ipsilateral optic nerve and into the sella as well as high up into the ventricle. Traditional transcranial approaches are still the mainstay for surgeons unfamiliar with ESBS.
ESBS facilitates exposure of the tumor without traversing the critical neurovascular structures and has been shown to be associated with decreased morbidity. The ventral approach minimizes optic nerve and brain retraction while exposing not only sellar tumors but also those with suprasellar, third ventricular, and interpeduncular extension. The traditional microscopic approach is limited by a narrow visualized field and the resulting difficulty obtaining a complete resection. The addition of the endoscope has changed the calculus for approaching these tumors ventrally, because wide exposure is afforded through a minimally invasive corridor. Both endoscopic and microscopic ventral approaches remain limited for the removal of tumors with lateral extension beyond the carotid arteries.
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Even 12,67 Furthermore, improving exposure techniques and cadaveric studies have expanded the utility of this approach even for large and difficult tumors in adults and children. 1, 16 Recent studies have demonstrated that large tumors, those in difficult locations with limited surgical corridors, and even recurrent tumors can be safely and effectively resected using ESBS. 7, 12, 16, 21, 40 Furthermore, it has been shown that a narrow surgical window between the pituitary gland and optic chiasm does not preclude a ventral approach. 64 Recurrent tumors present significant challenges when treated via either approach, but with ESBS it appears that the extent of resection (87.0%) and visual outcomes (76.5% improvement) remain similar, and major complication rates are comparable to first-time rates (3.6% first time vs 0.0% recurrent), but with a higher rate of new postoperative diabetes insipidus for reoperations (47.0% first time vs 80.0% recurrent). 21 Prior radiation, however, continues to make further surgery more complicated, regardless of the approach. 90 One criticism of comparisons between ESBS and TCS is that smaller tumors may be chosen for ESBS, whereas larger and more complex tumors are chosen for TCS. This would bias the results in favor of ESBS. To address this criticism, Moussazadeh et al. published a comparison study in which all tumors were viewed by 3 surgeons blinded to the approach chosen, to ensure that all tumors could be removed equally well with either approach. 63 If one approach was favored, then the case was eliminated. In this series, ESBS had a higher rate of GTR (90.0% vs 40.0%; p = 0.009), a higher rate of visual improvement (63.0% vs 0.0%; p < 0.05), less postoperative FLAIR signal in the frontal lobe (0.16 ± 4.6 cm 3 vs 14.4 ± 14.0 cm 3 ; p < 0.001), and fewer complications (20.0% vs 80.0%; p < 0.001) compared with TCS. 63 In children, for whom minimally invasive approaches are particularly attractive and large tumors are often found, recent series have shown utility and efficacy with ESBS, with high rates of visual improvement and infrequent major complications as well as lower rates of hypothalamic obesity in some, but not all, series. 1, 2, 53 Today the majority of children with craniopharyngioma are treated with a transcranial approach, but this trend may be changing as pediatric specialists partner with skull base colleagues with endoscopic experience and it becomes clear that this approach is at least comparable if not more effective and safer. 1, 6 TCS approaches remain important for tumors with significant lateral extension beyond the carotid arteries and for those that are primarily intraventricular or that extend superior to the foramina of Monro. However, for most midline tumors ESBS provides the most direct approach with the highest rates of GTR and visual improvement, and the least brain retraction and other neurological complications (Table 1) .
Anterior Skull Base Meningioma
Meningiomas of the anterior cranial base amenable to ESBS can be divided into olfactory groove (OG), planum sphenoidale (PS), and tuberculum sellae (TS) origins. Controversy remains, however, as to the optimal surgical approach for these lesions. Importantly, skull base meningiomas are subject to limitations that may prevent the wide marginal resections afforded to convexity meningiomas. Furthermore, recent literature has suggested that the Simpson grading scale traditionally used for extent of resection may be less relevant for skull base meningiomas than for convexity lesions, particularly because adjuvant radiotherapy for residual or recurrent tumor has been shown to be effective. 76 As is the case for other anterior cranial base pathology, PS/TS and OG meningiomas present important challenges by either TCS or ESBS. Open approaches often require the surgeon to work through narrow neurovascular windows between the carotid, middle cerebral, and anterior cerebral arteries and optic apparatus. Residual tumor is often left in the medial optic canal unless this area is opened widely. However, a wider opening may increase the risk of CSF leakage, and the attachment of the tumor and hyperostosis are often not completely removed because of this fear. ESBS results in a direct route into the tumor but has limited lateral vision, and the dural tail can easily be left behind. Although the skull base attachment is removed during the approach, this creates a need for repair of a skull base defect to prevent postoperative CSF leaks, of which the rate can be quite high depending on the method of closure and the experience of the surgeon.
39,65
Modifications of TCS have been described in recent years, including minimally invasive keyhole approaches and various modifications of the pterional craniotomy, subfrontal, and anterior interhemispheric approaches. 17, 23, 56, 80 The supraorbital approach in particular has been described extensively, with endoscopic assistance being applied with the goal of increasing GTR rates and reducing the need for significant manipulation of the optic apparatus. 87 One study noted a higher rate of GTR (93.3%) and visual improvement (90.9%) than in previously published literature. 56 TCS has also been noted to be more likely to preserve olfaction, particularly for PS/OG lesions that necessitate disruption of the olfactory mucosa by ESBS.
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Because these tumors are typically confined to the midline, they are well suited to an endonasal approach. The points to consider in approach selection for anterior skull base meningiomas differ based on location. 66 For PS/TS meningiomas, proximity to the optic nerves makes visual outcome a priority. These tumors often invade the medial optic canal and thus require an approach that exposes the medial canal. Although this area was originally thought to be difficult to reach endonasally, more recent reports have shown that the medial optic canal can be easily approached using ESBS. 5, 49 Moreover, when these tumors extend laterally to the anterior clinoids or internal carotid artery they become impossible to remove completely through an endonasal approach, which makes careful case selection critical for successful outcome. 39, 65, 66 On the other hand, OG meningiomas lie in close approximation with the olfactory nerves, and so when olfaction is intact preoperatively, their preservation is critical to maintain it. These tumors can also extend laterally over the orbits and beyond the reach of the endonasal approach. For these reasons, cases with preserved olfaction or lateral extent may not be suitable for ESBS. 66 
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PS/TS Meningiomas
Prior to 2012, GTR was higher when using TCS compared with ESBS (84.1% vs 74.7%; p = 0.041). Moreover, the CSF leak rate with ESBS was still quite high (21.3% vs 4.3%; p < 0.001). However, there was a trend toward more frequent improved visual outcome using ESBS (69.1% vs 58.7%; p = 0.130) ( Table 2 ). At this point in time, the technique was still developing and the key aspects of the surgery that were required to determine if this approach would lead to improved outcomes were a reduction in CSF leaks, the ability to open the medial optic canal, and the knowledge of the limitations of the approach (i.e., to avoid trying to operate on tumors with lateral extension that cannot be removed). Although the presence of a "cortical cuff" was thought to be important to avoid vascular injury, this was later found not to be a contraindication to surgery, assuming the surgeon was adept at endonasal microscopic bimanual surgery. 20, 39, 65 OG Meningiomas For OG meningiomas, the GTR rate was also higher for TCS compared with ESBS (92.8% vs 63.2%; p < 0.001) and the CSF leak disparity was even larger (6.0% vs 31.6%; p < 0.001). 44 Since the rate of loss of olfaction was 100.0% with ESBS, this led to the question of whether ESBS should be used at all for OG meningiomas and if so, how to select the appropriate cases (Table 3) .
Data From 2012 to 2017
PS/TS Meningiomas ESBS for anterior skull base meningiomas has been studied more extensively in recent years. For patients with PS/TS meningiomas, as the numbers have increased, ESBS has been shown to lead to higher rates of visual improvement compared with TCS (75.0% vs 58.4%). 18 Moreover, case selection has improved, which has resulted in higher rates of GTR for ESBS and fewer complications. To avoid selection bias, comparisons between the two approaches must be done for tumors with similar anatomy, because results could be biased against either approach, depending on patient selection. For example, early comparisons tended to include a higher proportion of small tumors in the ESBS group. A recent study, however, showed that for matched tumors that appear to be amenable to either TCS or ESBS, GTR rates are comparable but ESBS has lower rates of visual deterioration (0.0% vs 44.0%) and higher rates of visual improvement (93.0% vs 56.0%). Anosmia and CSF leak remain more common with ESBS, but with rates of CSF leakage far lower than in the early series. 8 A more recent series of ESBS for PS/TS meningiomas has shown that GTR rates can be as high as 91.7%, with CSF leaks as low as 0.0% and with visual improvement in 88.9% (Table 2) . 65 Even vascular encasement or the lack of a cortical cuff can be overcome with ESBS, although with careful attention to vascular adherence or invasion seen on preoperative imaging. 20, 39, 47 OG Meningiomas A recently published systematic review of OG meningiomas demonstrated that in contrast to PS/TS meningiomas, the results of ESBS for OG meningiomas have shown little improvement over time. Although visual outcomes were better in the ESBS group (80.7% vs 12.83%; p < 0.001), GTR rates were higher in the TCS group (90.99% vs 70.29%; p < 0.0001) and CSF leak rates were higher in the ESBS group (25.74% vs 6.30%; p < 0.0001). Other individual series lend support to these conclusions in large part, and continue to report high rates of CSF leakage for this particular subset of tumors, without significant improvement over the last 5-10 years (Table 3) . 47 Furthermore, some have suggested that although ESBS is becoming a preferred approach for TS/PS meningiomas, OG meningiomas are more effectively removed by other minimally invasive means, such as the supraorbital keyhole approach with endoscopic assistance or even more standard transcranial approaches, such as the bifrontal or pterional. 9 Another important limitation to ESBS for OG meningiomas is that the loss of olfaction is 100.0%, whereas with TCS, olfaction can be preserved in 60.0.% of patients who have preserved olfaction preoperatively.
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Esthesioneuroblastoma Esthesioneuroblastoma, or olfactory neuroblastoma, is a rare sinonasal malignancy that, in later stages, can invade the anterior skull base and brain. It is a curable malignancy in early stages, with margin-negative GTR as the surgeon's primary objective. 42 Adjuvant radiotherapy with or without chemotherapy is common, depending on the extent of disease. Traditional craniofacial resection (CFR) is the longstanding standard approach to managing these tumors. Until recently it represented the only viable route by which a GTR could be achieved. Attempts at more minimally invasive approaches have included lateral rhinotomy or combined open and endonasal (cranionasal) approaches. These have been incorporated into the management scheme at some institutions, and now purely endonasal resections are being evaluated for efficacy in select cases.
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A meta-analysis published in 2013 including early literature of ESBS compared with CFR and cranionasal resection demonstrated that an ESBS achieved a high rate of GTR (98.1% vs 85.2%). PFS was also lower with ESBS (8.0% vs 22.1%). However, it is important to recognize that there was also a significant difference in the frequency of higher Kadish stage (C or D) in the CFR group compared to the endonasal group, probably biasing the GTR rate and long-term outcomes in favor of the endonasal group. Major complications including meningitis, CSF leaks, and infection were more common in the CFR group (Table 4) . 42 
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The CFR approach continues to be accompanied by a relatively high rate of complications, as high as 52.9% in a recent meta-analysis. 26 Individual series have noted wound healing issues in 14.6%-36.4% of cases, infections in 18.2%, neurological complications in 19.2%, and mortality of approximately 1.0%. Current series of open CFR are dominated by later-stage disease, Kadish C and greater, which may contribute to some degree to the elevated complication rate as well as 5-year overall survival (OS) rates of 59.4%-95.0%.
32,68,71 For those reporting on early-stage disease treated with either CFR or lateral rhinotomy the results are (as expected) better: 100.0% survival at 10 years with a margin-negative resection. 46 Less invasive open cranial approaches, such as the supraciliary approach or other endoscope-assisted craniotomies, have been used for certain tumors, avoiding extensive CFR exposure but reaching tumors that are difficult to access via the endonasal approach. However, these have not been systematically explored in great depth for long-term outcomes and complication rates. 10, 81 Purely endoscopic resections continue to proliferate, demonstrating high 5-year OS (82.0%-97.0%) and GTR rates in series that typically comprise a large percentage of Kadish A and B disease (Table 4) . 19, 24, 35, 89 GTR rates reported in more recent studies are actually lower in some cases than in prior series, although this may be in part due to attempts to treat higher-stage disease with ESBS in recent years. Some have also described the potential benefit of olfactory preservation for early-stage disease while still achieving negative margins. 85, 89 Patients undergoing ESBS with later-stage disease according to either Dulguerov or Kadish criteria had a 5-year OS rate of 46.2%. 94 Recent technical reports describe margin-negative resection with ESBS for Kadish C disease, which over time should translate into a survival benefit.
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One single-institution study demonstrated a higher margin-negative resection rate for ESBS over CFR (84.2% vs 53.1%) for Kadish C disease, although this result needs to be replicated in larger studies.
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Lower morbidity continues to be the norm for ESBS when compared to open approaches for this tumor type. 19 ESBS is associated with decreased blood loss, operating time, length of hospital stay, and complication rates, as well as improved cosmetic outcome. 60, 77 Studies of open versus endonasal approaches for pooled groups of sinonasal malignancies, including esthesioneuroblastoma, have shown comparable GTR rates between the two. 26, 30 The current practice appears to favor ESBS or combined approaches for early-stage, endoscopically accessible disease. This approach has been shown to achieve comparable rates of disease control with lower morbidity than a traditional CFR. 19, 30, 33 For later-stage, more invasive disease, some can be resected successfully endoscopically, but CFR should still be considered to achieve a maximal safe resection, particularly for difficult lesions. 68 Ongoing advances in endoscopic technique may be shifting that balance. Good sinonasal outcome test (SNOT-20) scores and low complication rates make ESBS an appealing option when feasible for this malignancy.
26,55
Chordoma
Skull base chordomas are rare tumors, derived from remnants of the primitive notochord, with incidence in the vicinity of 0.08 per 100,000. 57 Symptomatic presentation is variable and dependent on tumor location. Prognosis is influenced by older age, partial resection, preoperative visual deficits, enhancement on MRI, and tumor grade. 52 Adjuvant radiotherapy has been shown to extend PFS and OS, whereas chemotherapy does not play a role at this time. 96 Resection remains the mainstay of therapy for chordoma, but is limited by the lesion's relationships to critical neurovascular structures. 11 Given their site of origin, chordomas lend themselves to ESBS because they arise in an extradural ventral location and tend to push neurovascular structures away from the operative corridor. However, these tumors are often locally invasive, making complete resection difficult regardless of approach. Although en bloc resection has traditionally been thought to offer the best chance of long-term recurrencefree survival, intralesional resection has been shown to offer similar disease control and potentially improved functional outcomes, encouraging the development of less invasive approaches.
36, 83 Slow growth results in bony remodeling and drastic deformation of surrounding structures, often without significant preoperative deficits.
Oncological considerations are critical in the management of these tumors. Five-year OS is approximately 67.5% in recent series. Radiation therapy is a standard adjuvant treatment for these patients after surgery. 45 These anatomical and oncological considerations are critical in considering ESBS and open approaches. ESBS presents a minimally invasive direct corridor into these midline clival tumors. 60 
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Early data demonstrated higher rates of GTR for ESBS compared with TCS (61.0% vs 48.1%), fewer postoperative deficits (1.3% vs 24.2%), lower recurrence rates (16.9% vs 40.0%), and fewer complications, although with shorter follow-up in the ESBS group given its more recent introduction. 45 A criticism of these data is that cases selected for ESBS were more likely to be smaller midline tumors with limited lateral extension, which would be a bias toward better results in these cases.
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Over time more studies have been published on ESBS, reporting GTR rates of 28.0%-66.7%, 41,69,93,95 still mostly exceeding those of open approaches. 50 The wide range of GTR rates perhaps reflects the heterogeneity of size and anatomy of these tumors, as well as the widely variable expertise of surgeons using these more novel techniques. Low rates of neurological compromise are typical (3.8%), and lesions located in the superior and middle clivus in the midline tend to be more amenable to complete resection.
28,37, 95 Open approaches, even in recent series, have demonstrated neurological complication rates as high as 35.3%. 83 The open approaches remain essential, however, for lesions with significant lateral or inferior extension.
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The efficacy and safety of ESBS has also been demonstrated in the pediatric population. 82 Complication rates in this population, with the exception of CSF leaks, remain lower than for open approaches. 50 Although many of these tumors are extradural and thus the rates of CSF leakage are low, for those that have a large intradural extension, CSF leaks are higher but comparable to TCS. Published CSF leak rates in several series are comparable between TCS and ESBS (Table 5) . 75 Recent ESBS data report CSF rates of 0.0%-16.3%.
41,54
Overall, ESBS for chordomas has become more prevalent and multiple large studies have evaluated the safety and efficacy of this approach. Compared to open surgery, ESBS has been shown to lead more frequently to a higher percentage of GTR (28.0%-66.7% vs 48.0%), lower neurological morbidity (3.8% vs 24.0%-35.3%), lower incidence of meningitis (0.0% vs 0.0%-13.0%), and decreased perioperative mortality (0.0% vs 0.0%-24.0%). 15, 27, 28, 45, 48 The data on recurrence rates are more equivocal and require longer-term follow-up.
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Chondrosarcoma
Similarly to chordoma, skull base chondrosarcoma is a rare tumor. It is different in that it arises from skull base synchondroses and has a more indolent course in most cases. 4 Although adjuvant radiotherapy is effective for more aggressive (WHO grade II/III) or recurrent tumors, GTR remains the optimal treatment regardless of grade when achievable with minimal morbidity. 51, 73 Chondrosarcomas often arise from the petroclival synchondrosis, and ESBS provides a more direct route to this extradural location than TCS. Neurovascular structures are pushed superiorly and laterally, and TCS is more likely to traverse cranial nerves than is ESBS. Data comparing ESBS to TCS for chondrosarcoma are sparse, and primarily limited to small reports due to the disease's uncommon presentation. Variable tumor morphology also creates challenges for comparison studies. Open approaches have resulted in high success rates in individual series, primarily by pterional and retrosigmoid craniotomy. 72 Early case reports and series have shown that ESBS for chondrosarcomas of the skull base is feasible with minimal morbidity. 25, 92 The development of the transmaxillary, transpterygoidal approach has increased the utility of ESBS for chondrosarcomas. 34, 62 Bolstering the utility of this approach are data demonstrating that intralesional resection is an effective strategy that achieves comparable oncological control to en bloc resection. 13 Even tumors with extension into the cerebellopontine angle have been shown to be reachable with ESBS. 59 Recent studies of ESBS for chondrosarcoma have shown GTR rates of 66.7%-80.0%, and as high as 93.0% control at 5 years. Transcranial approaches result in reported GTR rates of 50.0%-100.0% (Table 6) . 22, 31, 41, 62, 70 In some large multicompartmental tumors, combinations of ESBS and TCS are often needed to achieve a maximal safe resection. 
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Conclusions
Development of new surgical approaches for intracranial pathology requires comparisons to existing standard approaches. The evolution of a new approach associated with the surgeon's learning curve, development of new equipment, and new techniques contributes to its efficacy and safety. ESBS has increasingly gained acceptance as a minimally invasive, effective option for a range of skull base pathologies, and comparisons of TCS and ESBS continue to be published in which the differences between these two are described. We have demonstrated several important points for the surgeon to consider in choosing an approach based on a review of the recent literature on ESBS for craniopharyngiomas, anterior skull base meningiomas, esthesioneuroblastomas, chordomas, and chondrosarcomas. We demonstrate where these approaches can be implemented in the patients' best interest and where further data or technical developments are required. For certain pathologies and locations ESBS offers clear advantages, whereas for others the results are equivalent or even inferior. In these situations, if improvements are not forthcoming ESBS may not be the optimal approach. 
